Introduction
Carotenoids are responsible for much of the red, orange, yellow and violet coloration of feathers (Brush 1978) . They are unique among known avian pigments in that they cannot be synthesized by birds de novo-they must be ingested (Goodwin 1950; Brush 1978 Brush , 1990 . Because variation in carotenoidbased plumage coloration may influence female choice in some species (Hill 1990 (Hill , 1991 , knowledge about the proximate control of carotenoid pigmentation can help us to understand the mechanisms that influence female choice. Like all physiological aspects of carotenoid pigmentation, however, the transport of carotenoids from the gut lining to follicle cells of growing feathers (Fig. 1 ) remains poorly understood (see Brush 1978 and 1990 for reviews), particularly for non-poultry species.
Studies of plumage coloration and levels of carotenoids in the plasma have largely been directed either at characterizing species or making interspecific comparisons. These studies have demonstrated (1) that birds with plumage pigmented by carotenoids have specialized mechanisms to transport those carotenoids G. E. Hill et al. The purpose of the study was to test the hypothesis that differences in carotenoid physiology that are responsible for differences in expression of plumage coloration are evident before uptake of carotenoid pigments by the follicle cells of developing feathers. To test this hypothesis we compared the hues of blood plasma to those of growing feathers for both males and females in three populations of the house finch, Carpodacus mexicanus (Mtiller), a species in which variation in expression of carotenoid plumage pigmentation of males is known to influence female mate choice (Hill 1990 (Hill , 1991 (Hill , 1994 . We studied a large sample of individuals during autumn moult-the only time of the year when ingested carotenoids can affect plumage coloration in this species (Michener & Michener 1940; Hill 1992 Hill , 1993b . One convenient property of the carotenoid pigments of house finches is that easily scorable differences in the hues of both plasma and feathers reflect variation in both the concentration and type of carotenoids present (Brush & Power 1976; Brush 1990 ).
Materials and methods

STUDY SPECIES
The house finch is a sexually dichromatic passerine bird with ornamental carotenoid pigmentation in the feathers of the crown, rump and underside (Grinnell 1911; Hill 1993a ). Ornamental coloration in males varies from pale yellow to bright red (Michener & Michener 1931; Hill 1990 Hill , 1992 Hill , 1993a More is known about the carotenoid pigmentation of plumage in house finches than for any other passerine. Males derive their ornamental coloration from a combination of three carotenoid pigments: yellow 3-carotene, orange isocryptoxanthin and red echinenone (Brush & Power 1976; Brush 1990) . As is true of other birds that derive coloration from carotenoids, house finches must have access to relatively large quantities of carotenoid pigments during moult to attain maximum plumage brightness (Test 1969; Brush & Power 1976; Hill 1992 Hill , 1993a ). Moreover, feeding experiments indicate that the brightness of plumage grown by both males and females is a function of the type and quantity of pigments that they ingest during moult (Brush & Power 1976; Hill 1992 Hill , 1993a .
In addition to substantial variation among individuals within these populations, there is also variation among populations in the mean plumage brightness of both males and females, and among subspecies in the distribution of carotenoid pigmentation on the plumage (Moore 1939; Hill 1993a ). Among populations of the subspecies C. m. frontalis, males in eastern North America (where the species has been introduced by man) average bright red, whereas males in the introduced population on Hawaii average drab orange. There is even considerable variation among native populations in California (Hill 1994 )-males that were captured in disturbed rural habitat near Alviso were very drably coloured whereas males captured in suburban San Jose, just 11 km away, were much more brightly coloured (Hill 1994 (Hill 1990 (Hill , 1991 (Hill , 1994 . Male plumage coloration also correlates with their overwinter survival (Hill 1991) , nest attentiveness (Hill 1991), first nesting date each year ) and the probability of nest desertion by their mate (Hill 1991 
METHODS
House finches were studied during the autumn moult in southern California and south-western Mexico. In California, birds were captured at three sites in the vicinity of San Jose, Santa Clara County, from 2 to 14 August 1992. Two of these sites were as described by Hill (1994) : the Coyote Creek Riparian Station near Alviso and a suburban residence in north-east San Jose. The third site was a suburban residence in south-central San Jose. In Mexico, birds were captured at three locations in the vicinity of Chilpancingo, Guerrero from 9 to 18 September 1992: one 3 km north of Chilpancingo, another near Tixtla (25 km east of Chilpancingo) and the third near Zumpango (25 km north of Chilpancingo).
At Coyote Creek Riparian Station (Alviso), all finches were captured in a large baited trap. At the two other California locations (both in San Jose), finches were netted as they came in to feeding stations. In Mexico (Guerrero), all finches were captured in mist nets in agricultural fields.
At the time of capture, the skulls of all birds were examined to determine the extent of ossification (Pyle et al. 1987 ). The ages of individuals were recorded as either hatch-year (HY; born in the same calendar year in which they were sampled) if they had incompletely ossified skulls, or after-hatch-year (AHY; born in a previous calendar year) if they had completely ossified skulls. Individuals were sexed by examining their gonads (all finches sampled in this study were killed for diet and parasite analysis).
The Immediately after centrifugation, the hue of the plasma portion of the blood was scored by comparison with colour chips in the Methuen Handbook of Colour (Kornerup & Wanscher 1983 ). In California, the blood samples from 70 birds were scored independently by G.E.H. and J.D. Two blood samples were also taken from each of 93 birds and these were spun and scored separately by the same observer. These two sets of plasma hue scores were used to calculate the repeatability of hue estimates between observers and within birds, respectively. Plasma hue scores varied from 0 to 7 (n = 272).
For each bird, plumage colour was also determined by comparison with colour chips in the Methuen Handbook of Colour, similar to Hill (1990 Hill ( , 1992 Hill ( , 1993a . In the present study, however, birds were sampled during the period of moult and we were particularly interested in the colour of new and incoming plumage. Whenever possible (mainly AHY birds), a complete description of an individual's plumage coloration was recorded by scoring the hue, intensity, and tone of new and incoming feathers in seven plumage regions (see Hill 1992) . For these birds a plumage colour score was calculated as the sum of these 21 measures. Plumage colour scores varied from 21 to 162 (n= 144).
For HY birds and birds in heavy moult, however, it was often possible to determine feather hue (and not intensity or tone) for only one or a few plumage regions. For these birds, only a single score was used (ventral hue score) for the hue of incoming plumage on their underside (any portion of the throat or upper breast that had enough new feathers to score) as an estimate of their plumage colour. We determined ventral hue score for almost all birds studied by taking the modal value of ventral hues when we were able to determine a plumage colour score. Ventral hue scores varied from 0 to 11 (n = 343) and were highly corre-lated with plumage colour scores of the same individ-G. E. Hill et al. uals (r=0*91, P<000001, n= 144). Nonparametric statistics were used for most analyses because hues for some classes of birds were not normally distributed (see Fig. 2 ) and could not be normalized with simple transformations. For post hoc multiple comparisons following nonparametric analyses of variance (Kruskal-Wallis tests), we used the procedure described by Zar (1984, pp. 199-201) .
For trend analyses, model I regressions and analyses of covariance (ANCOVA) were used. Because we estimated hues as integer values, our analyses of plasma hue vs ventral hue scores fulfil the requirements for the Berkson case in model I linear regression, where the independent variable is considered as 'fixed by the experimenter' (Sokal & Rohlf 1981) . The data were not transformed for these trend analyses because residuals were normally distributed.
Results
REPEATABILITY OF PLASMA HUE SCORES
We calculated repeatability (r) using the interclass correlation coefficient (Lessells & Boag 1987) . Plasma hue scores for individual birds were highly repeatable both between observers (r= 0.96, F69 70=45 5, P<0*0001) and between samples from the same bird scored by the same observer (r= 0 96, F92,93 = 53.6, P< 0.0001).
VARIATION DUE TO MOULT
This study was designed to sample birds at peak moult in both the frontalis and griscomi populations, as this is the time of year when levels of circulating carotenoids are most likely to influence plumage coloration. Despite this, there was substantial variation among individuals in the progress of their moult. The relations between plasma hue score and either body or primary moult scores (both measures of moult completeness) were not significant for any age or sex class in any population (P > 0-09 for all analyses; Spearman rank correlations), so we did not control for stage of moult in any analysis.
VARIATION DUE TO SEX AND AGE
In all populations, AHY males had higher plasma hue scores than AHY females (San Jose, U= 97.5, n = 26 males, 15 females, P=0.005; Alviso, U=20, n= 12, 8, P=0 19; Guerrero, U=47, n=31, 21, P=000001; Mann-Whitney tests; Fig. 2 ). In Guerrero, HY males also had significantly higher plasma hue scores than HY females (U= 360, n=63, 28, P=000001; Fig.2 classes were significant, we performed separate analyses on data from males and females. In the two California populations, median ventral and plasma hue scores were not significantly different between AHY and HY males (P>0 16 for all comparisons, Mann-Whitney tests; Fig. 2 ). In the Guerrero sample, however, AHY males had significantly higher scores for ventral hue (U= 531.5, n = 59, 32, P= 0-0004) and plasma hue (U= 602, n = 63, 31, P = 0.003) than HY males (Fig. 2) . Separate analyses were performed on data from these two age classes of males.
INTRA-AND INTERPOPULATION VARIATION
Comparing the two study sites in suburban San Jose, there were no significant differences in plumage colour scores of AHY males (U= 73, n = 12, 14, P = 0 57; Mann-Whitney test) nor in the ventral hue scores of either AHY (U= 88, n= 12, 15, P = 0.92) or HY males (U= 62.5, n=20, 8, P=0.36), so we pooled the data within age classes for these two sites. Similarly, among the three study sites in Guerrero, there were no significant differences in plumage colour scores of AHY males (H= 2.6, n= 10, 4, 17, P=0 27; KruskalWallis test) nor in the ventral hue scores of either AHY (H= 3.26, n= 10, 4, 18, P=0.20) or HY males (H= 464, n =7, 35, 17, P = 010), so we pooled the data within age classes for these three Mexican sites as well. As HY females were moulting from juvenile plumage (with no detectable carotenoid pigmentation) into first basic plumage (which may or may not have had detectable carotenoid coloration), we had no way of knowing whether HY females showed no colour because they lacked carotenoid pigmentation in their first basic plumage or because they had not yet grown pigmented feathers. For this reason, only AHY females were analysed. When data for all populations and sampling sites were pooled, no significant relationship was found between scores for ventral and plasma hues in AHY females (Fig. 3c) . Likewise, Kruskal-Wallis test corrected for ties; Fig. 2) . Males G. E. Hill et al.
from Guerrero had the brightest plumage on average, males from San Jose were less brightly coloured and males from Alviso had the drabbest plumage coloration (P < 0.002 for all pairwise comparisons). Females also varied significantly in ventral hue scores (Hc = 603, n = 16, 26, 22, P < 0-049; Fig. 2) ; those from Guerrero had significantly drabber plumage than females from San Jose (P < 0.0001; Fig. 2 ), but other pairwise differences were not significant (P > 0 10; Fig. 2) . To see if these differences in male plumage coloration were reflected in plasma hue, we compared plasma hues among the three populations. Plasma hue scores of AHY males varied significantly (Hc = 17 9, n=26, 12, 31, P<0*0001), being higher on average for males from Guerrero than for males from either population in California (P<0 001 in each case; Fig. 2) . Despite the differences in median plumage coloration of AHY males between populations in San Jose and Alviso, there was no difference in median plasma hue scores of AHY males between these populations (P >0 10; Fig. 2) . Finally, there were no significant differences in median plasma hue scores between AHY females from any populations (Hc = 0-84, n = 15, 8, 21, P=066; Fig. 2) .
Discussion
There is a relatively direct relation between the colour of growing feathers and the colour of plasma in house finches. It may seem trivial that house finches growing bright red plumage should have more red pigments being transported in their blood than individuals growing drab yellow plumage, but such a relationship could not be assumed. For example, it wypuld be reasonable to propose that levels of circulating carotenoids are similar for all individuals and that variation in plumage coloration results from follicle cell specificity for available carotenoids during feather growth (Brush 1990 ). Our observation that there is a relatively strong correlation between plumage colour and plasma colour (i.e. circulating carotenoid pigments) within individuals strongly suggests that, at least for males, differences among individuals in the colour of growing feathers are the result of processes that occur before the uptake of carotenoid pigments by follicle cells (Fig. 1) .
Two particularly interesting features of the relationship between plasma and ventral hue scores were evident (Fig. 3) . First, the slopes of the regression lines were not significantly different from 1 0. This suggests an approximately one to one relationship between level of circulating carotenoid pigments and the colour of feathers that develop in that follicular environment. Second, the slopes and adjusted means of the regression for HY and AHY males were the same. This similarity in regressions indicates that HY and AHY males do not differ in their capacity to use circulating carotenoid pigments. Rather, differences in plumage colour between AHY and HY males stem from differences in levels of carotenoid pigments in the plasma. This observation corroborates previous results from feeding experiments in which HY males grew feathers of similar colour to AHY males when they were fed the same quantities of carotenoid pigments during moult (Hill 1992) .
While variation in plumage coloration among males may be largely a function of the quantity of carotenoid pigments that reaches the blood transport system, control of plumage coloration in females does not appear to be so simple. No significant relationship was found between the plumage coloration and plasma hue for females from any population. However, the plumage coloration of many females is subtle and is difficult to detect in incoming feathers. Consequently, the error in our assignment of ventral hue scores was undoubtedly much higher for females than for males and may have obscured any relationship between plumage and plasma coloration. However, even when we considered only those females with detectable carotenoid pigmentation, which is the subset of females that should have been subject to the least scoring error, we still found no significant relationship between plasma and plumage colours.
Other studies have demonstrated that the ornamental coloration in females is under different proximate control than ornamental coloration in males. For example, on a diet supplemented with canthaxanthin, both griscomi andfrontalis females display maximum female coloration (with a pink wash across the rumps, undersides and crowns; Hill 1993c), but no females ever expressed the highly saturated, brilliant coloration of males (Brush 1990; Hill 1993c ). This difference in maximum colour expression may be due to influences of sex hormones. Tewary & Farner (1973) found that male house finches that were either castrated or treated with oestrogen grew female-like plumage that lacked carotenoid pigments. One possible mechanism for such hormone-mediated control of carotenoid deposition in feathers is that hormones control how follicular cells take up carotenoid pigments from the blood (Brush 1990 ). However, we found significant differences between the sexes in plasma hue, indicating that at least some of the differences between the sexes occur before carotenoids reach the follicle cells. Alternatively, steroid hormones may influence the levels of circulating carotenoid carrier proteins, such that females are capable of transporting fewer carotenoid pigments than males. More likely, though, differences between the sexes in plasma carotenoid levels may result from differences in dietary intake of carotenoid pigments (Hill 1993c) .
In addition to the positive relationship between plasma hue and plumage coloration of males within populations, we also found that the median plasma hues of males tended to be higher in populations with brighter median plumage colour. Thus, AHY males in Guerrero had significantly higher plumage colour scores than males from either California population Plasma and and their median plasma hue scores were also signifiplumage colour in cantly higher (Fig. 2) . In general, it appears that both house finches inter-and intrapopulation variation in plumage coloration is reflected in variation in circulating levels of carotenoid pigments. These results support and extend previous observations on the proximate control of carotenoid plumage pigmentation in the house finch. Feeding experiments with captive male house finches (from several populations including those studied here) showed that, on a fixed intake of carotenoid pigments, all individuals converged on a similar appearance, regardless of their 'natural' plumage coloration (Brush & Power 1976; Hill 1992 Hill , 1993c . We suggest that variation in male coloration arose through differences in access to dietary carotenoid pigments and not through differences in the way in which ingested carotenoids were processed. We are currently investigating dietary variation within and among house finch populations to determine whether plumage colour is correlated with the quantity and quality of carotenoids in an individual' s diet. The positive relationship between plumage and plasma coloration provides a second line of evidence that differences in carotenoid pigmentation between bright and drab males occur at least before follicle uptake. There remains, however, virtually no information for house finches or passerines in general on the role of absorption or metabolism in generating intraspecific variation in expression of carotenoid plumage coloration. It is in these areas that additional research is most needed.
